following total joint arthroplasty is difficult for clinicians to make decisions due to the similar symptoms presented by aseptic loosening and infection. Gram staining (GS) is a widely used test but its value remains controversial due to conflicting results in the diagnosis of PJI. The aim of the present study was therefore to evaluate the value of GS in the diagnosis of PJI. Searches using MEDLINE, EMBASE and OVID databases were conducted for data published between January 1990 and December 2013. Meta-analysis was used to pool the sensitivity, specificity, diagnostic odd ratios (DORs), area under the receiveroperating characteristic curve (AUC), positive-likelihood ratios (PLRs), negative-likelihood ratios (NLRs) and post-test probability. The heterogeneity and publication bias were assessed, and subgroup and meta-regression analyses were conducted. A total of 18 studies, including a total of 4,647 patients, were selected for analysis. The pooled sensitivity and specificity values for the diagnosis of PJI were 0.19 and 1.00, respectively. The AUC, PLR and NLR were 0.89, 41.6 and 0.82, respectively. Subgroup analyses indicated that the sensitivity/specificity for total hip arthroplasty was 0.14/0.99, whereas that for total knee arthroplasty was 0.14/1.00. Synovial fluid best reflected accurate GS-based diagnoses, with the highest DOR of 242, whereas tissue had the highest AUC of 0.96 (95% CI, 0.94-0.97). GS had a poor clinically acceptable diagnostic value for detecting PJI. These data do not support the routine use of GS, without additional proof of infection, for diagnosing PJI; instead, GS could be used as an adjuvant tool to support the results of other investigations.
Introduction
Prosthetic joint infection (PJI) occurs in 1-12% of surgical cases and is one of the most common complications associated with total hip arthroplasty (THA) and total knee arthroplasty (TKA), often leading to revision. PJI has been reported to be the most common cause of early failure and is associated with several adverse outcomes (1, 2) . Infection recurrence following re-implantation is associated with significant morbidity (3, 4) .
Although various techniques can be used for the diagnosis of PJI, including preoperative laboratory tests, radiological examination, nuclear medicine detection, intraoperative culture and histopathology (5) (6) (7) (8) , no gold-standard test for the diagnosis of PJI has been established, and the limited sensitivity and specificity of the tests that are available make the differentiation between PJI and other causes of prosthetic failure, such as metal allergy or aseptic loosening, challenging (2, 9) . PJI continues to cause difficulties for orthopedic surgeons, particularly when the clinical signs and regular serum inflammatory markers are not fully indicative of infection (10) .
With no single serological test available, doctors evaluate and diagnose PJI predominantly through a combination of symptom evaluation, physical examination and results of joint aspirates, even tissue samples (11) . Gram staining (GS) is a widely used test that is easily available. GS is also commonly used in the diagnosis of PJI, particularly in developing countries, as a result of its low cost, rapid turnaround time and ease of use; however, its value remains controversial due to conflicting results on the effectiveness of GS in the diagnosis of PJI (5, (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) . The present meta-analysis was therefore performed as one of a series of meta-analyses (6, 7, 29) in order to evaluate the detection validity of GS for the diagnosis of PJI and to provide evidence-based advice to clinicians.
Materials and methods
The protocol used in the present meta-analysis was conducted as described in our previous studies (6, 7, 29) and based on recommendations in the methodological guidelines for conducting systematic reviews studying diagnostic accuracy (30) and the Preferred Reporting Items for Systematic Reviews and Meta-Analyses statement (31) .
Search strategy. Searches of the MEDLINE, EMBASE and OVID databases were conducted for articles published between January 1990 and December 2013. All searches were performed using the medical subject headings 'joint prosthesis', 'prosthesis infection', 'septic loosening', 'aseptic loosening', 'replacement' and 'arthroplasty' and the free text words 'gram', 'stain', 'intraoperative' and 'synovial fluid'. The reference lists of eligible studies and review articles were also examined.
Selection of studies. The abstracts of the studies were read by two investigators, and a standardized data extraction form was used to identify potentially eligible articles. Subsequent full-text analysis determined whether the studies were eligible for inclusion. Disagreements were resolved by discussion with a third investigator. The inclusion criteria for the analysis were as follows: i) Collection of data on GS in combination with an accurate diagnosis of PJI based on visible purulence in the joint aspirate or at the surgical site, evidence of communication between the prosthesis and a sinus tract (fistula), histopathological or periprosthetic tissue findings of acute inflammation, or microbiological cultures simultaneously obtained from at least two periprosthetic tissue samples (the reference standard); ii) studies with sufficient data to enable the true-positive (TP), false-negative (FN), false-positive (FP) and true-negative (TN) values to be determined; and iii) inclusion of ≥10 patients. Discrepancies were resolved through discussion with the other investigators and consultation of the original articles.
Data extraction and assessment of study quality. Relevant data regarding the study designs and results were extracted independently by two investigators using a standardized form. Blinding to the journal name, the authors' names and affiliations and the year of the study publication was not performed, as a previous study has shown such a step to be unnecessary (32) . Disagreements between the reviewers were resolved through consultation with another reviewer, who evaluated all discrepancies. The opinion of the majority was used for the analysis. The methodological quality of the studies included in the meta-analysis was independently assessed by two reviewers using the Quality Assessment of Diagnostic Accuracy Studies (QUADAS) tool (33) , which has been specifically developed for use in systematic reviews assessing diagnostic accuracy.
Validity analyses were performed through the use of a standardized form to extract the following items from each study: A description of the study participants, the authors' names, country in which the study was performed, number of patients and infected patients, mean age, study design, patient enrolment, sample type, surgical site, type of blinding conducted and characteristics of the reference standard used. were calculated. To evaluate the efficacy of GS assays in the diagnosis of PJI, the sensitivity, specificity, positive likelihood ratio (PLR), negative likelihood ratio (NLR), DOR, post-test probability and area under the receiver operating characteristic curve (AUC) were calculated (34) .
Heterogeneity was evaluated using the likelihood ratio I 2 index and χ 2 tests (35) . The I 2 index demonstrates the percentage of total variation across the studies as a result of heterogeneity. An I 2 value of >50% indicates that there is more heterogeneity among the studies than would be expected solely by chance. For the likelihood ratio χ 2 test, heterogeneity among studies was shown by P-values of <0.05. When heterogeneity was observed, the primary meta-analysis was conducted using a random effects model to generate a summary estimate for the test sensitivity with 95% confidence intervals (CI). Meta-regression analyses were performed to evaluate potential heterogeneity, and a Deeks' funnel plot asymmetry test was utilized to assess potential publication bias (36) . The different study characteristics, including infected arthroplasties, specimens processed, publication year, reference standard, study design, patient enrolment and type of blinding performed, were evaluated through subgroup analyses. All the statistical analyses were performed using STATA version 12 software (StataCorp, College Station, TX, USA). P<0.05 was considered to be significant.
Results
Study selection. The database search yielded 287 primary studies. Of these, 238 were excluded following reviews of the title and abstract, and 33 were excluded following review of the full article. Two additional studies were obtained from one of manuscripts evaluated (12) . In summary, 18 articles involving a total of 4,647 patients fulfilled all the inclusion criteria and were considered in the analysis (5, (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (Fig. 1) . A general consensus was reached among the investigators with regard to the included studies (Cohen's unweighted κ=0.93).
Study description and quality. Eighteen studies in which GS was performed were identified; all of these studies met the eligibility criteria. Table I lists the included studies and describes the baseline patient characteristics. The studies were conducted in six different countries (12 in the United States, two in Canada and one study each in China, Finland, France and the United Kingdom). The median number of patients in each study was 169 (range, 33-1,004), and the median age of the participants was 66 years (range, 62-72.8 years). A total of six studies prospectively enrolled patients (5, 12, 21, 22, 24, 25) , and 12 studies were retrospective database reviews (13) (14) (15) (16) (17) (18) (19) (20) 23, (26) (27) (28) . Patient recruitment was consecutive in five studies (17, 21, 22, 25, 27) and was not documented in the remaining 13 studies (5,12-16,18-20, 23,24,26,28) . Ten studies detected PJI on the hip and knee (5,12 ,18,19-21,23,24,26,27) ; three, on the hip (16, 22, 28) ; three, on the knee (13, 17, 25) ; one, on the elbow (14) ; and two, on the shoulder (14, 21) . All the eligible studies scored >9 points using the QUADAS quality assessment tool, indicating that they were of moderate quality.
Diagnostic accuracy. The pooled sensitivity, specificity, DOR and AUC values obtained from the random effects model are shown in Fig. 2 . The pooled sensitivity and specificity values for the detection of PJI using GS were 0.19 (95% CI, 0.12-0.27) and 1.00 (95% CI, 0.99-1.00), respectively. The pooled DOR for GS was 51 (95% CI, 18-140), and the pooled AUC was 0.89 (95% CI, 0.86-0.91). The inconsistency index indicated significant heterogeneity with respect to GS (I 2 =75%, P<0.01); as a result, meta-regression and subgroup analyses were performed to evaluate the potential sources of heterogeneity in the GS studies (Table II) . The analyses of the sensitivity and specificity for the detection of PJI using GS indicated no effect with regard to the type of infected arthroplasty (knee versus hip versus knee plus hip), the publication year (prior to 2006 versus 2006 or later), the reference standard (simple versus multiple), the study design (perspective versus retrospective) or patient enrollment (consecutive versus not available). The sensitivities of GS for infected arthroplasty of the knee, hip and knee plus hip were 0.14 (95% CI, 0.08-0.23), 0.14 (95% CI, 0.09-0.20) and 0.19 (95% CI, 0.11-0.32), respectively, whereas the specificities were 1.00 (95% CI, 0.99-1.00), 0.99 (95% CI, 0.97-1.00) and 0.99 (95% CI, 0.98-1.00), respectively. The analysis also indicated that specimens from synovial fluid had a higher sensitivity than those from tissue swabs, tissue and synovial fluid plus tissue (0.30 vs. 0.14, 0.14 and 0.16, respectively; P<0.05). Specimens from synovial fluid also yielded the highest DOR values (242 vs. 151, 22 and 36, respectively; P<0.05). By contrast, the highest AUC of 0.96 (95% CI, 0.94-0.97) (P>0.05) was noted in the tissue specimens. The application of blinding to a study affected the accuracy of the GS assay; low sensitivity (0.09 vs. 0.28, P<0.05) and DOR (10 vs. 737, P<0.05) were apparent when the pathologist was unaware of the clinical results.
Evaluation of clinical utility. The PLR and NLR of GS for the diagnosis of PJI were 41.6 (95% CI, 15.5-111.2) and 0.82 (95% CI, 0.75-0.89), respectively (Fig. 3) . Likelihood ratios were used to simulate clinical scenarios using 25, 50 and 75% pre-test probabilities of PJI. Subsequent post-test probability was calculated and plotted on Fagan nomograms (Fig. 3) . The post-test negative probability of PJI was 82% for the 25% pre-test probability, which could be considered sufficient to rule out PJI, and the post-test positive probability was 99% for the 75% pre-test probability, which could be considered sufficient for the diagnosis of PJI.
Assessment of publication bias. Potential publication bias was evaluated through the creation of Deeks' funnel plots by plotting the logDOR of the individual studies against their sample size. The funnel plots for GS are presented in Fig. 4 . The regression test of asymmetry found evidence of a small-study effect for GS (P<0.01).
Discussion
In the present meta-analysis of 18 articles with a total of 4,647 patients, it was determined that GS could not be used alone for the diagnosis of PJI among patients who underwent THA or TKA, as the sensitivity and AUC, the NLR findings and the low clinical scenario-negative post-test probabilities demonstrated the poor clinical utility of GS to accurately diagnose PJI.
Although numerous preoperative and intraoperative tests have been employed, the diagnosis of PJI following THA or TKA remains a challenge. In contrast to aseptic loosening, the results of revision total joint arthroplasty of prosthetic infection can lead to high cost and even patient morbidity; despite this, none of the currently available tests have perfect sensitivity and specificity (1, 2) . Fluorodeoxyglucose positron emission tomography (FDG-PET) and antigranulocyte scintigraphy with There are, however, certain limitations to these diagnostic techniques for PJI diagnosis, including high expense, complex techniques and the requirement for skilled operators. Even the most common preoperative laboratory tests that are used for the diagnosis of PJI, such as white blood cell count (WBC), erythrocyte sedimentation rate (ESR) and serum C-reactive protein (CRP) levels (2, 5, 39) , demonstrate low suitability for the diagnosis of PJI (40) . A meta-analysis revealed that the accuracy of inflammation markers as indicators of PJI, as represented by DORs, was 13.1 for CRP, 7.2 for ESR and 4.4 for WBC (40) . GS, first described by Hans Christian Gram in 1884, has been widely used for the evaluation of bacterial infection through the results of staining (41) . Whether the result is positive or negative depends on the morphological characteristics of the bacterium, such as the bacterial peptidoglycan layer and the outer membrane. GS is still widely used by laboratories and clinics all over the world, although there has been a significant development in diagnostic technology. In bacterial pneumonia, sepsis and bacteriuria, for example, the sensitivities and specificities are >90% (42, 43) . In the diagnosis of PJI, particularly in developing countries, GS is commonly used, possibly due to certain desirable characteristics, including the rapid turnaround time, convenience and cost-effectiveness; however, a number of studies have reported sensitivities of between 0 and 50%, which questions the application of GS in the diagnosis of PJI (17, 18, 23) . Despite the low and variable sensitivity, numerous institutions continue to perform GS on all preoperative aspiration samples or intraoperative wound swab samples sent for microbiological analysis.
Consistent with the aforementioned reports (17, 18, 23) , guidelines by the Infectious Diseases Society of America (IDSA) have recommended against using GS for the assessment of PJI (39, 44) ; however, several factors can influence the final results, such as different criteria used to define a true infection and specimens from different sites. More than three positive criteria for the diagnosis of PJI were reported by Morgan et al (17) , in which a number of true infections could be missed. In comparison, only one positive intraoperative culture was sufficient in the study investigating the diagnosis of PJI following TKA by Banit et al (21) , and the sensitivity was found to be 44%, which is relatively high compared with other reports (5, (12) (13) (14) 17, 19, (25) (26) (27) . In the present meta-analysis, no difference was found in the sensitivity or specificity for the detection of PJI using GS between THA or TKA, publication year, reference standard, study design or patient enrolment; however, the type of specimen screened and whether blind analysis was performed or not did have an effect. Consistent with the IDSA guidelines (44) and a number of reports, these Pre-test probabilities and likelihood ratios for Gram staining. The post-test negative probability of PJI was 82% for the 25% pre-test probability, which could be considered sufficient to rule out PJI, and the post-test positive probability of PJI was 99% for the 75% pre-test probability, which could be considered sufficient for the diagnosis of PJI. PJI, prosthetic joint infection; LR, likelihood ratio.
results confirm that GS is a diagnostic method with low sensitivity and NLR for the diagnosis of PJI (5, (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) .
Notably, the low sensitivity of intraoperative GS has led to general discouragement regarding the use of the test for revision arthroplasty; however, positive findings are generally believed to have relatively high specificity. In the current meta-analysis it is therefore suggested that GS could be of value to help identify an organism to guide early antibiotic treatment in cases of re-implantation with a preoperative diagnosis of Gram-positive bacterial infection or gross purulence. In addition, GS may be useful when used as an adjuvant tool.
There are a number of limitations to the present study. Firstly, no established gold standard exists for the diagnosis of PJI. In the current meta-analysis, several reference standards were utilized among the studies, including clinical manifestation (purulence or fistula), laboratory studies (acute inflammation on histopathological examination or in blood tests) and microbiological growth (in periprosthetic tissues or sonication fluid culture). None of these techniques can be considered to be an optimal reference standard for the diagnosis of PJI, and misclassification bias, occurring due to an sub-optimal reference standard, may influence the predicted diagnostic accuracy of a tested method (37) , generally resulting in an underestimation of the diagnostic accuracy. A second limitation in the current analysis was that the summary GS results exhibited high levels of statistical heterogeneity. This fact may diminish the strength of the conclusions that can be extracted from this meta-analysis. Thirdly, it was not clear in all of the studies whether a prospective study design was used, although the inclusion of a prospective study design, such as a covariate, compared with a bivariate model (prospective versus retrospective design) was not shown to significantly affect sensitivity or specificity. Finally, only a small number of studies mentioned the administration of antibiotics or the duration between the GS assessment and the confirmation of PJI; these factors may have had an effect on diagnostic accuracy, as antibiotic administration can increase the number of false negative results.
In combination, the results of this diagnostic accuracy meta-analysis indicate that GS in association with revision arthroplasty has low sensitivity, and that GS is therefore a poor choice for the diagnosis of PJI following knee and hip arthroplasty. Based on these data, we recommend that GS as a microbiological analysis should no longer be performed on the wound samples obtained when PJI is suspected.
